It is well known that polymers are insulators, which limit their usage in other applications where thermal conductivity is essential for heat to be efficiently dissipated or stored. In the past, the improvement in the thermal conductivity of polym.rs with conductive fillers has been investigated by researchers. Carbon-based materials such as graphite, graphene and carbon nanotube, which feature excellent properties such as a high mechanical strength, a high thermal conductivity and a tailorable electronic configuration, have been added to different polymer matrices to enhance their thermal conductivity. Amongst others, graphite more especially expanded graphite merits special interest because of its abundant availability at a relatively low cost and lightweight when compared to other carbon allotropes. Herein, we describe the thermal conductivity of polymer/graphite composites and their applications.
Introduction
Polymers can be moulded into various shapes and forms which afford their application in different fields [1] [2] [3] . This is owing to their unique properties such as lightweight, durability and low production cost. Polymers have substituted natural materials (e.g. steel and glass) in most of their former uses [1] [2] [3] . Besides these unique features, their success in certain applications is hindered by their poor electrical, thermal and mechanical properties. The incorporation of different fillers has been subject to researchers and scientists as a suitable solution to overcome these limitations. However, the resulting composite properties were found to be directly dependent on several aspects such as matrix-type, filler-type, interaction between the filler and polymer as well as the distribution of the filler within the polymeric matrix [4] .
Research has escalated on the use of conductive fillers to improve not only the electrical and thermal conductivities but also the overall physical properties of the resulting composite product. Different conductive fillers such as metal powder, carbon black, carbon nanotubes (CNTs) and natural graphite were employed as reinforcing fillers of various polymeric materials [5, 6] . Amongst all these fillers, graphite garnered in much interest owing to its unique properties such as abundant availability, low cost and easy functionalization [7] .
The polymer/graphite composites exhibited a high thermal conductivity and an electrical conductivity at a fairly low concentration. Polymer/graphite composites have been used in many applications including structural, aerospace and sporting goods. Most recently, researchers have focused their attention on the development of polymer/graphite composites for applications whereby thermal conductivity is needed [8, 9] . It is documented [7] in the study that the significance of thermal conductivity and/or thermal diffusivity in polymer composites is related to the need for considerable levels of thermal conductivity in circuit boards and heat exchangers. According to the studies [10] , conductive composites are frequently used in wide applications such as heating elements, temperature-dependent sensors, self-limiting electrical heaters, switching devices, antistatic materials for electromagnetic interferences and shielding of electronic devices. This chapter reviews recent development on the thermal conductivity of polymer/graphite composites.
Graphite
Graphite is a carbon-based layered material whose structure is composed of successive layers of graphene sheets (carbon) and received much interest owing to its exceptional thermal, mechanical and electrical properties [5, 11, 12] . It is thermodynamically stable and soft with the successive layers being parallel to the base plane. The layers are bonded together by van der Waals forces. Graphite consists of carbons that are hexagonally bound to each other by covalent bonds with an interatomic separation of 0.142 nm and an interlayer separation of 0.335 nm. It is sp 2 -hybridized with three of four valence electrons of hexagonally attached carbons that are linked to the valence electrons of the neighbouring carbon by σ-bonding. Therefore, the fourth electron resonates freely within the graphene layer but it is no longer interacting with a specific carbon atom. Van der Waals forces acting between adjacent graphene layers result from the delocalization of π-electrons. Thus, the interatomic interaction within the single graphene layer is stronger, that is, 75 times when compared to the interaction between the adjacent layers [11] . Hence, there has been much graphite modification that takes place in between the layers in order to improve its dispersion in different polymeric materials. Graphite can be classified into two types: natural and synthetic graphite as shown in Figure 1 .
Natural graphite
Naturally occurring abundant graphite is classified into three categories depending on the geological environment, that is, amorphous, flake and highly crystalline [11] . Amorphous graphite has a content of graphite ranging from 25 to 85% depending on the geological conditions. It is usually derived from mesomorphic environment such as shale, slate and coal. Amorphous graphite is regarded as the less pure form of graphite with lack of considerable ordering and presence of microcrystalline structure. It has been applied in different applications where graphite is often utilized; however, its utilization depends on the degree of purity. Flake graphite is formed in either metamorphic or igneous geologic environments. It is obtained through froth floatation which results in 80-90% graphite. Flake graphite is less abundant as compared to amorphous graphite and has good electrical properties. It has been employed in various applications of graphite such as secondary steel manufacture, lubricants, pencils, powder metallurgy and coatings. Despite being found almost all over the world, crystalline (Vein/lump) graphite is commercially mined in Sri Lanka. It originates from crude oil deposits that through time, temperature and pressure were converted to graphite. As reflected by its name, it has a higher degree of crystallinity due to its direct deposition from a high-temperature fluid phase and its purity is more than 90%. Thus, it has good electrical and thermal conductivity. Vein graphite enjoyed its success in different applications such as batteries, lubricants, grinding wheels and powder metallurgy.
Synthetic graphite
Synthetic graphite is produced by treating carbonaceous precursors such as coal, petroleum and synthetic or natural organic chemicals in inert atmosphere to temperatures above 2400 C as well as thermal treatment of nongraphitic carbons, graphitization or chemical vapour deposition (CVD) from hydrocarbons under temperatures of 1883 C [11] . High temperatures are often employed to facilitate solid-state phase transition effect in order to produce graphite crystals. The production method is the primary factor that influences the resulting graphite properties. Synthetic graphite can also be categorized into two, that is, electro-graphite and artificial graphite. Electro-graphite is a pure carbon-shaped graphite produced from coal tar pitch and calcined petroleum pitch in the electric furnace, while artificial graphite results from the thermal treatment of calcined petroleum pitch at 2800 C. In general, the synthetic graphite has a low density, a high electrical resistance and porosity. Synthetic graphite is employed in different applications such as energy storage, carbon brushes and aerospace. Further modifications are often not required for its application in various fields. To avoid confusion, graphite will be used in this document without discriminate, whether it is synthetic or natural-based.
Modification of graphite
Modification of graphite has been subject of research in order to afford interaction with large polymer molecules and to achieve a better graphite dispersion [5, 11] . Many efforts have been done to overcome the absence of functional groups on the surface of graphite (or graphene sheets) and space between the sheets. There are three classic forms of modified graphite, that is, graphite-intercalated compounds (GICs), graphene oxide (graphite oxide (GO)) and expanded graphite (EG).
Graphite-intercalated compounds (GICs): GICs result from the insertion of atomic or molecular layers of different chemical species called intercalant between graphene sheets of the host graphite material [5, [12] [13] [14] . GIC can be categorized into two depending on the character of their bonding, that is, covalent GICs and ionic GICs. Covalent GICs include graphite oxide (GO), carbon monofluoride and tetracarbon monofluoride, whereas ionic GICs include graphite salts, graphite-alkali-metal compounds, graphite-halogen compounds and graphite-metal chloride compounds. Ionic GICs received much interest due to the capability of changing the electronic properties of graphite. The latter result in the presence of π-bonds in graphite that can accept/donate electrons from/to the intercalation. Further classification of ionic GICs depends on the staging of the GIC which is associated with the number of graphite layers between each intercalant layer. In the first stage (stage 1), the intercalant and graphite layers are alternating in which one layer of graphite is separated by one layer of intercalant. In a stage 2 GIC, there are two adjacent layers of graphite sheets between each intercalant layer. The intercalation of graphite results in increasing its interlayer spacing, weakening the interlayer interactions. The latter facilitate the exfoliation of the GICs by mechanical or thermal treatments.
Graphite oxide (GO): GOs are known as pseudo-two dimensional solid materials with covalent between the layers. Graphite oxide is often prepared by heat treatment of graphite flakes with oxidizing agents such that polar groups are introduced on the graphite surface [5, 15, 16] . This treatment also widens the interlayer spacing between the graphene sheets.
Expanded graphite (EG): The exposure of intercalated graphite to thermal treatment beyond critical temperature or microwave radiation leads to a large expansion of graphite flakes along the c-axis than in-plane direction as shown in Figure 2 . The resulting material, which is known as expanded graphite (EG), has a vermicular or a worm-like structure with a low density, a high-temperature resistance and a high conductivity [6, 17, 18] . A mixture of sulphuric acid and nitric acid is usually employed for graphite intercalation followed by heat or microwave treatment to produce expanded graphite [5, 19] .
Graphene: Graphene is a monolayer of sp 2 -hybridized carbon atoms arranged in a twodimensional lattice. It has been produced using different methods such as growth by chemical vapour deposition (both of discrete monolayers onto substrate and agglomerated powders), micro-mechanical exfoliation of graphite, and growth on crystalline silicon carbide [5] . These methods afford defect-free material with excellent physical properties; however, the yield is not large enough for use as a composite filler. The thermal conductivity of graphene ranges between 600 and 5000 W m À1 K À1 with Young modulus of 1 TPa and a tensile strength of 130 GPa [20] .
Graphite composites
In order to broaden the applications of polymers, the incorporation of a suitable filler with required functionality is the most cost-effective and reliable method [17] . Some of the polymers fall short when it comes to electrical, thermal and mechanical as compared to ceramics and steel. However, the unique properties of polymers such as lightweight and mouldability into different shapes make them suitable candidates for various applications. Amongst other fillers, graphite features unique properties such as a high thermal and electrical conductivity, a low coefficient of thermal expansion, an exceptional thermal resistance, a high thermal shock resistance, improved stiffness and an increased strength. It is abundantly available and easily functionalized to afford various applications. The thermal conductivity of the graphite and/or its composites is of significant importance considering the demands as thermal conductance in heat exchangers, circuit boards, machinery, electronic appliances and many other applications as explained in Section 1. 
Preparation of graphite composites
Beside the modification of graphite, the major contributor to the distribution of graphite in the polymeric matrix relies on the selected preparation method. Classic preparation methods for graphite/polymer composites are in situ polymerization, melt intercalation and solutioncasting techniques [21] [22] [23] [24] . Complete dispersion of the graphite particles leads to poor thermal conductivity due to lack of conductive network path within the composite product. Figure 3 shows a schematic presentation of the resulting morphologies depending on the preparation method.
In situ polymerization
In situ polymerization involves the polymerization of monomer (or/and oligomer) in the presence of the filler [6, 21, [24] [25] [26] . This method is one of the most effective processes to facilitate the dispersion of the filler in the polymeric material. Moreover, it enhances strong interaction between the composite component; hence, the mechanical properties of the resulting composite are superior to the composite prepared by either solution casting or melt intercalation [25] . This technique, however, is associated with some limitations such as polymer and filler selection and limited to laboratory scale. Moreover, it is environmentally unfriendly process which makes it not feasible for composite preparation.
Solution casting
In solution casting, the polymer is dissolved in suitable solvents and then the filler is added into the polymer solution [22, 27] . In order to improve the dispersion of the fillers, the sonication step is usually adopted [27, 28] . Some polymers are, however, not soluble in most available solvents which then limit the choice of a polymer for this technique. This process is not environmentally friendly due to the fact that the solvent has to be evaporated from the system which can be harmful except if the solvent is water. For industrial production, this technique will be expensive with regard to the recovery of the solvent used. Nevertheless, the mechanical Figure 3 . Different types of composites arising from and interaction between the host polymer and graphite layers obtained from different preparation methods.
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properties of the resulting composites are superior to melt intercalation due to the sufficient time given for the filler to interact with each other as well as the polymeric matrix. A comparison between solution casting as well as solution casting followed by melt pressing was conducted by Bai et al. [22] . It was reported that solution-casted samples had high ability to form the percolated filler network as compared to solution casting followed by melt pressing. The percolation network is essential for the conduction paths within the composite material. However, the appropriate solvent can be chosen to avoid the formation of micro-voids within the composite [29] . The solution casting followed by hot pressing serves as a good procedure to eradicate the voids within the composite material [29] .
Melt intercalation
Melt intercalation is the most favourable process with regard to industrial and environmental perspectives [23, 30, 31] . Polymer and filler are mixed together in the melt-compounding technique which leads to exposure to high shear and heat. The mixture is heated to a temperature above the melting temperature of the polymer for certain period to allow homogeneity. Classic compounding techniques include a single-screw extruder, a twin-screw extruder and an internal mixer. All these techniques can be utilized alone or in combination to afford better dispersion of the fillers. Injection moulding and/or melt pressing are usually used to mould the composite for characterization. In general, the percolation threshold is little bit higher than the other processing techniques, that is, solution casting and in situ polymerization [30] . Interestingly, the balance between the mechanical properties and other properties such as electrical conductivity can be achieved through this method which is of significance towards the commercialization of the resulting composite products. Its limitations involve the choice of polymer/filler, limited filler distribution and thermal degradation of the host polymer [23] . The properties of the polymer such as molecular weight, viscosity and chain length play a major role on the properties of the resulting composite product, hence influencing conclusions reached by different authors [11] .
Other processing techniques
The combination of solution casting followed by melt intercalation/pressing has also been reported [28, 32, 33] . The main was to ensure the interaction between the fillers in order to promote the conductance path network within the host matrix. On the other hand, electrospun graphite composites were also reported in the study [34] . Despite the advantages associated with these techniques, viz. cost-effective, possibility of scaling up, control over the morphology of the resulting fibres and almost all polymers can be processed, there are only few studies based on the electrospun graphite composites [34, 35] . In situ melt mixing was carried out by mixing low-temperature expendable graphite with LDPE [36] . The expandable graphite expanded during the mixing process which is of significant importance considering the contact between the graphite particles. It is, however, recognized that such a process can lead to a large number of agglomeration with an increase in the filler's content. In the case of adhesive resins (e.g. epoxy resin), curing at a certain temperature over a certain period is usually utilized to prepare the composite products [37, 38] .
Thermal conductivity 5.1. Graphite composites
Numerous researchers studied the thermal conductivity of polymer composites with regard to their importance to reach appreciable levels of thermal conductance in circuit boards, heat exchangers, appliances and machinery as summarized in Table 1 [7, 17, 39] . Amongst all thermal conductive fillers, graphite merits special interest not only due to its high thermal conductivity, that is, 25-470 W m À1 K À1 , but high thermal stability, exceptional chemical resistance and mechanical properties [40] . A comparative study of the thermal conductivity between graphite and other conductive fillers (viz. copper powder (Cu), aluminium powder (Al), silver powder (Ag), zinc oxide (ZnO), boron nitride (BN), aluminium oxide (Al 2 O 3 ) and diamond) particles was done by Fu et al. [37] . It was reported that the highest thermal conductivity was obtained at the filling load of 44.3 wt% of graphite due to the layered structure of graphite forming heat pathways within the matrix. Table 1 . Selected studies based on the thermal conductivity of graphite composites.
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graphite being a cheaper material performed better than other expensive conductive particles. In general, the thermal conductivity increases almost linearly with an increase in graphite content, regardless of processing method as shown in Figure 1 [39] [40] [41] [42] [43] . This can be attributed to the high thermal conductivity of the graphite when compared to pristine polymeric matrix.
Mu and Feng [41] prepared graphite/silicone rubber composites using solution-casting and melt-mixing processing techniques. They reported that the thermal conductivity increased with an increase in graphite content; however, solution-casted composites had a high conductivity as compared to melt-mixed ones. The authors reported that the thermal conductivity of solution-casted composites reached a value of 0.32 W m À1 K À1 at 9 per hundred rubber (phr) of graphite, whereas for melt-mixed it was only 0.24 W m À1 K À1 , which is the conductivity level similar to solution-casted composite at 4 phr. This was attributed to the conducting path networks created by contact between the graphite layers at a fairly low content in the case of solution casting compared to the reduction of surface-to-volume ratio in the case of melt mixing as shown in Figure 4 . The latter resulted in a higher content of graphite required so that they can abut or contact in order to form the conducting paths. A comparison between two commercial graphite (EG-10, synthetic graphite, SGL Carbon, UK, and KS-15, synthetic graphite, Lonza, Switzerland) in two different polymeric matrices (high-density polyethylene (HDPE) and polystyrene (PS)) was conducted by Krupa and Chodák [7] . They reported a nonlinear increase of thermal conductivity with an increase in graphite content regardless of matrix and graphite type. It was, however, reported that the graphite KS displayed higher thermal conductivities than the thermal conductivities of EG-filled material especially for PS composites at a higher graphite content. The graphite KS had smaller particles with a narrow particle size distribution as well as a higher specific surface than graphite EG which corroborate the fact that the size of the particles did not influence the thermal conductivity, however, the contact between the graphite particles even if they are agglomerated. In another study, it was reported that the crystallinity of the polymer also plays a major role on the thermal conductivity of the resulting composite product [44] . It was reported that high-density polyethylene (HDPE)-based composites displayed high thermal conductivities over the whole graphite composition as compared to less crystalline low-density polyethylene (LDPE). Similarly, Deng et al. investigated the effect of chain structure on the thermal conductivity of expanded graphite/polymer composites [45] . Expanded graphite (EG) was blended with three different polymers, that is, polyphenylene sulphide (PPS), syndiotactic polystyrene (sPS) and amorphous polystyrene (aPS). The thermal conductivities of the neat aPS, sPS and PPS samples were reported as 0.18, 0.23 and 0.24, respectively. This was ascribed to the crystallinity of polymers. Similar result of observation was reported elsewhere in the study [46, 47] . The EG/PPS composites showed the highest thermal conductivity throughout the whole range in comparison to the two counterpart composites ( Figure 5 ). The observed behaviour was attributed to the difference in polymer matrices with varied chain structures which may result in different crystallizations and interactions of composites.
Sefadi et al. [48] studied the influence of graphite treatment with sodium dodecyl sulphate (SDS) in water on the thermal conductivity. Moreover, the authors exposed the samples to 50-KGy electron beam irradiation to improve the interaction between graphite and ethylene vinyl acetate (EVA), as host matrix. They reported an increase in thermal conductivity with an increase in filler content due to high conductivity of graphite, regardless of the treatment. However, the thermal conductivity of the irradiated samples was slightly lower than unirradiated samples. This was attributed to the restriction of the polymer chains via crosslinking which reduced the vibration of phonons. There are a number of factors which contribute to the overall thermal conductivity of a composite product such as the dispersion of filler, matrix crystallinity and crystal structure, degree of interfacial thermal contact between the components, and scattering of phonons. Thus, these factors may counterbalance each other such that the obtained thermal conductivity does not reflect the percentage of the conductive filler added into the host matrix. For instance, Shen et al. [49] reported that the Figure 5 . The thermal conductivity of EG/polymer composites as a function of EG volume contents (the error bar is marked). The inset shows the thermal conductivity at a low content [45] .
functionalization of the filler can promote dispersion as well as interaction between composite components, but at the expense of thermal conductivity. Hence, it is of significant importance to choose functionalization of the filler while taking into account the lateral size of the filler for high thermal conductive materials. Li et al. [50] also reported that the treatment of the graphite with UV/O 3 did not have an influence on the thermal conductivity of the resulting composite materials. On the contrary, Wang and Tsai [20] reported that functionalized fillers exhibited superior thermal enhancements more than pristine filler. This was attributed to the increase in interfacial thermal conductivity (ITC) between the filler and the host matrix.
Graphite with other fillers (ternary systems)
There has been an ever-increasing interest in incorporating additional conductive filler into a graphite composite product to overcome the limitation of these materials [22, 31, [53] [54] [55] . It can be argued that the maximum thermal conductivity value achieved in graphite composites is 11.24 W m À1 K À1 (see Table 1 ). It is envisaged that the incorporation of the second filler can further enhance the thermal conductivity of the resulting composite products [31, 53, 56] . Lebedev et al. [53] reported that the inclusion of 1 wt% of carbon nanotubes (CNT) into polylactic acid (PLA)/natural graphite composites improved thermal conductivity by more than 40% of magnitude. The thermal conductivity was increased from 0.93 W m À1 K À1 for neat polymer to 2.73 W m À1 K À1 after the addition of 30 wt% graphite, whereas after the inclusion of 1 wt% CNT, the thermal conductivity value reached 3.8 W m À1 K À1 . This is ascribed to the additional CNT bridges which closely adjoin the surface of graphite. A similar study using HDPE as the polymeric matrix was recent conducted by Che et al. [31] . The authors reported that the thermal conductivity further increased with the addition of CNT compared to that with EG composites. In another study, it was demonstrated that a small content of a second filler, that is, below 2 wt%, has no significant influence on the thermal conductivity when compared to EG composites due to the fillers being wrapped in between the graphite layers [57] . A maximum increase of 38.5% compared to single filler-based composite was achieved at 5 wt% of the second filler. Self-hybrid composites of EG by crushing EG using a high-speed crusher to obtain different particle sizes were recently studied by Kim et al. [54] . The composites were prepared by mixing the crushed EG and raw EG with polycarbonate (PC) using melt extrusion. Hybrid composites (10 wt% crushed EG and raw EG) displayed a higher thermal conductivity by 12 and 20.7% compared to 20 wt% raw EG and crushed EG composites. The thermal conductivity value reached 2.62 W m À1 K À1 compared to 2.34 and 2.17 W m À1 K À1 for raw-EG and crushed EG-based composites due to synergistic effect. Various thermal conductive particles rather than carbon-based ones can also be used to enhance the thermal conductivity. Kostagiannakopoulou et al. [58] also reported that the thermal conductivity of the epoxy system increased significantly by increasing the filler content. However, the inclusion of the second filler, that is, multiwalled carbon nanotubes (MWCNTs) did improve the thermal conductivity at a higher graphite content (5, 10 and 15%). The highest enhancement percentage was 48 at 15% of graphite. The highest increase of 176 was achieved in the case of 15% wt of the filler. A combination of graphite and aluminium nitride (AIN) was reported by Yuan et al. [59] and the thermal conductivity reached a value of 2.77 W m À1 K À1 that was 14.6 times that of neat polymeric matrix by combining only 50 wt% AIN and 6 wt% graphite.
Conclusions and remarks
The design of composites from graphite is inexpensive and available in abundance. This has initiated new ideas in the field of science for the development of a wide range of novel functional materials. Generally, the addition of graphite improved the thermal conductivity of the host polymer matrix irrespective of filler functionalization, the type of polymer and the method of preparation. Various processing techniques such as solvent casting melt blending and pan milling and masterbatch melt mixing have been used for the preparation of graphite composites. The type of mixing method seemed to have had an effect on the resultant thermal conductivity of the graphite/polymer composites. For instance, solution-casted composites had a high thermal conductivity as compared to melt-mixed system. It is understood that during solution casting, the EG particles will have a sufficient surface-to-volume ratio; as a result, they can contact easily and form conducting path networks at low EG contents. However, for melt mixing, one is of the idea that the EG particles' shape is changed during the melt-mixing process, resulting in a decrease of surface-to-volume ratio. Therefore, only a higher content of EG can contact and form conductive paths. Furthermore, the type of polymer had an influence on the thermal conductivity of the polymer/graphite composites, with the crystalline polymers having a higher thermal in the composites. It was further observed that the type of treatment on the graphite or its polymer composites also played a significant role in the improvement or non-improvement of the thermal conductivity of the polymer graphite composites. For example, the silane-treated graphite composites showed a higher thermal conductivity than the nonsilane-treated graphite composites. In some cases, the treatment of the graphite with UV/O 3 did not have an influence on thermal conductivity of the resulting composite materials. Lately, the incorporation of the second filler with graphite can further enhance the thermal conductivity of the resulting composite products and widen the application of graphite composites.
